Aims Magnetic resonance imaging (MRI) has been proposed as a tool to track iron oxide-labelled cells within myocardial infarction (MI). However, infarct reperfusion aggravates microvascular obstruction (MO) and causes haemorrhage. We hypothesized that haemorrhagic MI causes magnetic susceptibility-induced signal voids that may interfere with iron oxide-labelled cell detection. Methods and results Pigs (n ¼ 23) underwent 2 h occlusion of the left circumflex artery. Cine, T2*-weighted, perfusion, and delayed enhancement MRI scans were performed at 1 and 5 weeks, followed by ex vivo high-resolution scanning. At 1 week, MO was observed in 17 out of 21 animals. Signal voids were observed on T2*-weighted scans in five out of eight animals, comprising 24 + 22% of the infarct area. A linear correlation was found between area of MO and signal voids (R 2 ¼ 0.87; P ¼ 0.002). At 5 weeks, MO was observed in two out of 13 animals. Signal voids were identified in three out of seven animals. Ex vivo scanning showed signal voids on T2*-weighted scanning in all animals because of the presence of haemorrhage, as confirmed by histology. Signal voids interfered with the detection of iron oxide-labelled cells ex vivo (n ¼ 21 injections). Conclusion Haemorrhage in reperfused MI produces MRI signal voids, which may hamper tracking of iron oxide-labelled cells.
Introduction
Transplantation of cells after myocardial infarction (MI) has emerged as a promising therapy to restore heart function. [1] [2] [3] [4] To evaluate cell engraftment, non-invasive tracking of cells with magnetic resonance imaging (MRI) has been proposed as a valuable tool. Cells labelled with iron oxide, paramagnetic probes cause a T2* signal void 5 and can thus be detected up to single-cell resolution in vitro. [6] [7] [8] In vivo, clusters of labelled cells could be detected after injection into infarcted myocardium of mouse, 9,10 rabbit, 11 and pig hearts. [12] [13] [14] [15] [16] [17] However, in clinical practice, acute MI is treated by reperfusion therapy, 18 aggravating microvascular obstruction (MO) and causing haemorrhage. 19, 20 Haemoglobin degradation products, such as methaemoglobin and haemosiderin, have strong magnetic susceptibility effects, 21 which may mimic the signal voids caused by iron oxide-labelled cells.
We hypothesized that haemoglobin degradation products in reperfused MI produce signal voids that interfere with reliable iron oxide-labelled cell tracking. Therefore, we evaluated the MRI characteristics of subacute (1 week old) and chronic (5 weeks old) infarcts in a porcine model of reperfused MI and compared the MRI findings with histology of the infarct tissue.
Methods

Myocardial infarction
Experiments were performed in 23 Yorkshire-Landrace pigs (2-3 months old, 25 kg). The study complied with the regulations of the Animal Care Committee of the Erasmus MC and the National Institutes of Health Publication 86-23, revised 1996. Animals were sedated (ketamine, 20 mg/kg IM and midazolam, 1 mg/kg IM), anaesthetized (thiopental, 12 mg/kg IV), intubated, and mechanically ventilated (mixture of oxygen and nitrogen, 1:2). Analgesia was maintained initially with fentanyl (12 mg/kg/min IV). Subsequently, animals underwent left coronary catheterization, followed by balloon occlusion of the left circumflex (LCx) coronary artery, proximal of the first margo obtusus branch. After 2 h, the balloon was deflated and the infarct reperfused, as confirmed by TIMI III flow on angiography. Anaesthesia was maintained with isoflurane (0.6-0.8%), starting after the occlusion of the LCx.
Magnetic resonance imaging A 1.5 T MRI scanner with a dedicated four-element-phased array receiver coil was used (Signa CV/i; GE Medical Systems, Milwaukee, WI, USA). One week after MI, pigs were anaesthetized and ventilated as described earlier and underwent clinically applied, 22 electrocardiogram (ECG)-gated cine, T2*-weighted, firstpass perfusion (FPP), and delayed enhancement (DE) MRI. The T2*-weighted sequence was applied in a subset of animals (n ¼ 8 and n ¼ 7 at 1 and 5 weeks, respectively) because of technical limitations of the scanner software at the start of the study. For detailed MRI protocols, see Supplementary material online. Breath-holding was achieved by interrupting the ventilation.
After scanning, eight animals were euthanized using an overdose of pentobarbital. Hearts were excised, immersed in saline, and scanned ex vivo using gradient echo (GE) and spin echo (SE) sequences with multiple echo times and flip angles to obtain T1-, proton density-, T2-, and T2*-weighted images (T1W, PDW, T2W, and T2*W, respectively). For detailed MRI protocols, see Supplementary material online. The minimum time interval between in vivo scanning and sacrifice was at least 3 h, and in most cases, .12 h (overnight), to make sure that all gadolinium-DTPA had been washed out.
One animal died following the 1 week scan. Five weeks after infarction, the remaining 14 animals underwent a follow-up MRI using a similar imaging protocol as at 1 week. In one animal, at 1 week and again at 5 weeks, no vascular access could be assured during scanning for injection of contrast; therefore, in this animal, no FPP and DE scans could be obtained. In one animal at 1 week, FPP scanning was not reliable for the assessment of MO owing to movement artefacts; therefore, it was not included in the analysis. Three infarct specimens were scanned a second time after standard paraffin embedding. Finally, of three animals, no ex vivo scans could be obtained because of technical limitations during scanning.
In order to compare signal voids induced by the presence of iron oxide-labelled cells and haemoglobin degradation products, ex vivo scanning was repeated after local injections with either 0.1, 1, or 4 Â 10 6 iron oxide-labelled human umbilical vein endothelial cells. A total of 21 injections were performed in four subacute and three chronic infarct specimens. Cells were labelled as described previously, 8 resulting in 9.2 pg iron per cell, and fixed in 4% formaldehyde.
A flowchart (Figure 1 ) summarizes the protocol and the number of animals studied at each time point.
Image analysis
MR images were analysed using Cine Display Application Version 3.0 (GE Medical systems, Milwaukee, WI, USA). Signal voids were identified on mid-papillary, single-slice T2*W scans, and expressed as a percentage of the infarct area as defined by DE MRI. Signal void volumes were calculated by multiplying their area by slice thickness. MO was identified on mid-papillary, single-slice FPP images as an area of persistent subendocardial hypoenhancement. 23 Total haemorrhagic areas were measured at mid-papillary levels in PD-T2*W ex vivo scans using Clemex Vision PE analysis software (Clemex Technologies, Longueuil, Canada) and expressed as a percentage of the total infarct area.
Histology
Hearts were transversally cut in 1 cm thick slices and stained with 1% triphenyltetrazolium chloride (378C, 15 min; Sigma, St Louis, MO, USA) and subsequently with Prussian blue (PB), which stains haemosiderin deposits deep blue. After standard paraffin embedding, 5 mm serial sections were cut in the same plane as the MRI scans. Sections were stained with haematoxylin eosin (HE) or von Kossa's (VK), or restained with PB. VK was counterstained with von Gieson (VG). This approach allowed for identification of fat (HE), calcium (VK), collagen (VG), as well as haemosiderin (PB). Staining was analysed and compared with matching MR images at the same location and imaging plane.
Statistical analysis
Data are reported as mean + SD. Data from subacute and chronic infarcts were compared using paired or unpaired t-testing as appropriate. The correlation between area of MO and signal voids was assessed using linear regression analysis, including all animals assessed by T2*W scanning. Proportions were compared using a z-test (SigmaStat software version 2.03; SPSS Inc., Chicago, IL, USA). Sample size was determined with the following assumptions: type I error of 0.05, power of 80%, an estimated proportion of animals with an in vivo MRI detectable haemorrhage-induced signal void of 35%, based on the literature, with the assumption that a proportion of 5% would not be relevant. Therefore, eight animals would yield 80% power to detect a significant proportion of animals with such a signal void. On the basis of pilot studies, the proportion of ex vivo detected signal voids was estimated to be 90%. A value of P , 0.05 (two-tailed) was considered statistically significant.
Results
In vivo MRI
In subacute infarcts, signal voids could be identified in five out of eight animals, using the T2*W sequence ( Figure 2 ). In the remaining three animals, signal voids were either not observed (n ¼ 2) or could not be reliably discerned from the air-heart interface susceptibility artefact (n ¼ 1). The size of the signal voids was 0.53 + 0.51 cm 3 . The area of signal voids comprised 24 + 22% of the infarct area. MO was observed in 17 out of 21 animals, comprising 35 + 23% of the infarct area ( Table 1) . A linear relationship was found between the area of signal voids on T2*W scans and the area of MO on the corresponding FPP scans at 1 week (R 2 ¼ 0.87; P ¼ 0.002; n ¼ 8). Infarct size was 25 + 6% of total LV wall volume (n ¼ 22). CNR between Figure 1 Flowchart of the study protocol. Numbers between brackets indicate the number of animals or specimens used at a certain time point.
remote myocardium and areas of signal voids was 27 + 16 and between infarcted, non-haemorrhagic myocardium, and areas of signal voids 34 + 11 (n ¼ 5).
In chronic infarcts, an area of signal voids could be identified in three out of seven animals, comprising 15 + 19% of the infarct area. MO was identified in two out of 13 animals, comprising 13 + 31% of the infarct area (P ¼ 0.0007 and 0.02 vs. 1 week, respectively; Table 1 ). Infarct size was 15 + 5% (P ¼ 0.00003 vs. 1 week; n ¼ 13). CNR between remote myocardium and areas of signal voids was 34 + 21 and between infarcted, non-haemorrhagic myocardium, and areas of signal voids was 23 + 6 (n ¼ 3).
Ex vivo MRI and histology
In subacute infarcts, the ex vivo high-resolution scans showed rings of magnetic susceptibility-induced signal voids on T1W and PDW scans ( Figure 3) . The size of the signal voids increased with a longer TE (T1-T2*W). The rings surrounded large hyperintense areas on T1W scans, which appeared hypointense on T2W and PD-T2*W scans. At histology, these rings of signal voids corresponded with blue deposits on PB staining and surrounded large areas of erythrocytes.
In chronic infarcts, ex vivo scans showed magnetic susceptibility-induced signal voids on T1W, PDW, T2W, and T1-or PD-T2*W scans throughout the infarct area ( Figure 4) . Hyperintense areas were observed on T1W scans, which appeared hypointense on T2W and T1-or PD-T2*W scans (data not shown). Furthermore, hyperintense areas were observed on T2W scans, which appeared hypointense on T1W scans (data not shown). At histology, areas of signal voids matched the pattern of blue haemosiderin deposits after PB staining ( Figure 5) . No correlation was found with collagen, fat, or calcium deposits.
Total haemorrhagic areas at mid-papillary level as a percentage of the total infarct area as determined by T2*W MRI were significantly larger in subacute than in chronic infarcts (P ¼ 0.00001; n ¼ 8 and 11, respectively; Table 1 ).
Post-mortem injections with iron oxide-labelled cells could be located in remote, non-infarcted myocardium. CNR between depots of 4 Â 10 6 labelled cells and infarcted, non-haemorrhagic myocardium was 18 + 4 in subacute infarcts (n ¼ 4) and 15 + 1 in chronic infarcts (n ¼ 3; Table 1 ). This was comparable with the CNR between haemorrhage-induced signal voids and infarcted, nonhaemorrhagic myocardium in subacute infarcts (17 + 9; n ¼ 8) and chronic infarcts (14 + 8; n ¼ 11; Table 1 ). As a cause, in the infarct region, none of the injection sites could be reliably located and discerned from haemorrhage-induced signal voids ( Figure 6 ).
Discussion Myocardial infarct reperfusion and haemorrhage
Reperfusion of MI is known to induce progressive MO, also described as the 'no-reflow' phenomenon. 19 As shown in both animal and clinical studies, MO is followed by the development of haemorrhage, probably due to loss of microvascular integrity. 20, 24 The extent of the haemorrhagic area has been shown to correlate with the size of MO, 20 which was also observed in the present study.
Haemorrhage and MRI appearance
Few studies have been performed to evaluate the extent of the haemorrhagic area after reperfusion of MI using MRI. [24] [25] [26] One study demonstrated the presence of haemorrhage by SE imaging within 72 h after reperfused MI in dogs. 25 Hypointense lesions corresponding with haemorrhage were found in 14 out of 16 animals. These lesions were not found in non-reperfused animals. Furthermore, in two clinical studies, MRI was performed shortly after infarct reperfusion. The first study of 24 patients using GE and contrast-enhanced imaging showed hypointense areas within the infarct region in 38% of patients by both techniques. 24 In the second study, 39 patients were imaged using a T2*W GE sequence and haemorrhage could be identified as a hypointense zone within the infarct region in 33% of patients. 26 Because the two latter studies were done in patients, no histological comparison was possible. Furthermore, MRI was performed, on average, 6 days after MI, which is much shorter than the follow-up of 5 weeks used in the present study.
In contrast with intramyocardial haemorrhage, MRI appearance of intracranial haemorrhage has been given extensive attention. 21 Intracranial haemorrhage causes accumulation of deoxyhaemoglobin within hours. Within days, deoxyhaemoglobin is oxidized to methaemoglobin, which causes T1 and T2 shortening owing to its paramagnetic properties and magnetic susceptibility effect. 27, 28 Therefore, the presence of methaemoglobin within intact erythrocytes causes hyperintense signals on T1W scans and hypointense signals on T2W scans, a pattern observed in the present study in subacute infarcts. With further degradation, haemosiderin deposits are formed, 21 which remain chronically present. 29 Haemosiderin has a high magnetic susceptibility effect and thereby causes T2 shortening, resulting in signal voids on T1W, T2*W, and T2W images surrounding the brain haemorrhage from 2 weeks onwards, the so-called 'ring' pattern. In the present study, the same ring pattern was observed in subacute infarcts in the ex vivo scans. This difference in time course might be due to the higher in-plane resolution of ex vivo scanning, allowing early detection of such a pattern.
Iron oxide-labelled cell detection by MRI
Detection of iron oxide-labelled cells within MI has been described for mouse 9, 10 and rabbit 11 models. Recently, several studies showed the feasibility of using iron oxidelabelled cells for clinically relevant, catheter-based delivery Figure 3 Ex vivo scans 1 week after infarction using different types of tissue contrast: T1W, PDW, T2W, and T2*W with a TE of 5, 20, or 60 ms (TE5, TE20, or TE60, respectively). Either a GE or an SE sequence was used. A ring of black signal voids is identified best in the T1W scan with a TE of 20 ms (T1-T2*W). It corresponds with the blue haemosiderin deposits in the PB image. The ring surrounds a hyperenhanced area on T1W scans, which is hypoenhanced on SE/T2 and PD-T2*W scans, corresponding with methaemoglobin within intact erythrocytes. Figure 4 Ex vivo scans 5 weeks after infarction using various types of tissue contrast as described in Figure 3 . Magnetic susceptibility-induced signal voids are observed throughout the infarct. Their size increases with T2*-weighting (TE 20 ms). Furthermore, signal voids correspond with blue haemosiderin deposits in the PB image. Epicardial fat, indicated by F, causes a hyperintense signal on the T1W scan and a hypointense signal on T2 and T2*W scans. and cell tracking within MI in pigs. Infarcts were created by permanent coil occlusion 16, 17 or a 60-90 min balloon occlusion, followed by reperfusion of the infarct artery. 12, 13, 15 Cells were injected immediately after infarction 12, 14 or into 1-day-, 17 1-week-, 15 or 4-week- 13 old infarcts. None of these studies mentioned the presence of MO or haemorrhage within the infarct centre. In contrast, in the present study, MO was present in 17 out of 21 animals in subacute infarcts, and signal voids were identified in all animals on the ex vivo scans corresponding with haemorrhage on histology. The high frequency of MO and haemorrhage could possibly be explained by the longer occlusion times used in our study (i.e. 2 h vs. 60 or 90 min), 12, 13, 15 approximating the time to reperfusion in the clinical setting more closely. The frequency of MO in the present study is indeed comparable with the frequency in patients reperfused early after MI. 22 Despite the longer occlusion times, it has been shown that haemorrhage already occurs in the pig heart after coronary occlusions more than 45 min. 30 In a previous study, examining iron oxide-labelled cell detection in a mouse cryoinfarction model, 10 the presence of 'spontaneous' signal voids within the infarct region was discussed. These signal voids were attributed to necrosis and fibrosis within the infarct scar. However, a recent study showed that cryoinfarction results in large areas of haemorrhage, 31 which have most likely caused those signal voids. Furthermore, the problem of those spontaneous signal voids was purportedly solved by using a combination of PD-and T2*-weighted scanning: the areas with signal voids that were exclusively due to the tissue lesions would lead to similar signal void sizes in both imaging modalities. In contrast, the size of the signal voids generated by the presence of labelled cells was proposed to increase on T2*-weighted scans, thereby making unequivocal detection possible. However, Figures 3 and 4 clearly illustrate that the usefulness of this method could not be demonstrated in the present study, as the size of the haemorrhage-induced signal voids increased with a longer TE.
In studies of spinal cord regeneration by transplanted iron oxide-labelled cells, 32, 33 interference of haemorrhage with cell detection has been described as an important confounding factor. In one study, the discrimination between cells and haemorrhage was made by assessing the 'blooming' effect induced by iron oxide-labelled cells, where the distortion of the magnetic field occurs over a greater area than the presence of the contrast agent. 32 In another study, the use of imaging sequences less susceptible to haemorrhage-induced signal voids was proposed as a solution. 33 For cell detection in vivo, a certain number of labelled cells are necessary to obtain sufficient contrast with background tissue. For MI, the smallest number of cells needed for detection was reported to be 10 5 cells/150 mL, 14 generating signal void volumes of 0.36 cm 3 . This study however was performed in a model of permanent occlusion in pigs. In three studies of porcine, reperfused infarct models, the number of cells per injection exceeded 28 Â 10 6 . 12, 13, 15 In the present study, the haemorrhage-induced signal voids in the in vivo scans had a mean total size of 0.53 + 0.51 cm 3 in subacute infarcts, and therefore would possibly obscure detection of cell groups of 10 5 cells. Furthermore, CNR of signal voids identified on the T2*W in vivo scans were similar to the values previously reported for groups of iron oxide-labelled cells using similar scanning sequences.
14 Finally, the ex vivo injections of iron oxide-labelled cells in the present study generated signal voids with a CNR similar to the haemorrhage-induced signal voids, thereby interfering with detection of the injected cells.
The presence of haemorrhage and visualization with longer TEs are important in relation to the injection route, as visualization of labelled cells was reported with local injections [12] [13] [14] [15] [16] [17] , although intracoronary injections have been used in most human studies. 3 Using iron labelling to track these cells, which will presumably spread over a larger area, requires sequences with long TE, and the artefacts described in the present study are to be expected.
Study limitations
Because it is a very subjective process to match the image locations of in vivo scans with the locations of ex vivo scans on the basis of anatomical landmarks only, and because the slice thickness of in vivo scans was 6 or 8 mm compared with 0.8 mm of ex vivo scans, we chose to describe in vivo and ex vivo findings separately. Therefore, our data do not allow for a direct comparison between in vivo and ex vivo scans.
In the present study, a model of reperfused MI was used, causing large areas of haemorrhage. Therefore, it is not clear whether there is a difference in haemorrhage-induced artefacts in reperfused vs. non-reperfused infarcts in porcine models in vivo, although in similar canine models, no haemorrhage was observed when perfusion was not reinstated. 25 Only intramyocardial injections were performed in the present study using fixed, iron oxide-labelled cells, which were imaged after tissue preparation. Future studies are required to investigate whether haemorrhage-induced signal voids cause similar interference with cell detection after intracoronary injection in vivo.
Conclusion
The present study demonstrates that haemorrhage in reperfused MI produces MRI signal voids, which may interfere with reliable tracking of iron oxide-labelled cells.
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